AMP-stimulated protein kinase: a cellular energy sensor and participant in epithelial polarization Epithelial cells involved in fluid and electrolyte transport are major consumers of biological energy. Most transporting epithelial cells are richly endowed with mitochondria Purpose of review An enormous body of research has been focused on exploring the mechanisms through which epithelial cells establish their characteristic polarity. It is clear that under normal circumstances cell-cell contacts mediated by the calcium-dependent adhesion proteins of the intercellular adhesion junctions are required to initiate complete polarization. Furthermore, formation of the tight, or occluding, junctions that limit paracellular permeability has long been thought to help to establish polarity by preventing the diffusion of membrane proteins between the two plasmalemmal domains. This review will discuss several selected kinases and protein complexes and highlight their relevance to transporting epithelial cell polarization.
Introduction
Few cell types more elegantly embody the dictum that 'form follows function' than do those of polarized epithelia. Epithelial cells constitute the boundaries that separate an organism's extracellular fluid compartment from the external environment in which that organism exists. As such, epithelial cells must be capable of acting as the continuous physical barrier that prevents a sudden and catastrophic merger between the constituents of those two spaces. This barrier function, however, though biologically critical and mechanistically fascinating, is only the simplest of the tasks that polarized epithelial cells are called upon to perform. In fact, it is the ability of polarized epithelial cells to mediate the vectorial transport of fluid and solutes that essentially determines the composition of the organism's internal environment [1, 2] .
The cell surface membranes of polarized epithelial cells are divided into morphologically and compositionally distinct domains that are separated by intercellular tight junctions [3] [4] [5] . While the basolateral plasma membrane domain is in contact with the extracellular fluid compartment, the apical domain generally confronts a lumen that is often ultimately contiguous with the outside world. These two cell surface domains manifest almost com-pletely different inventories of membrane proteins. For the purposes of this discussion, it is the polarized distribution of ion transport proteins among these portions of the epithelial plasma membrane that provides the physiological justification for epithelial polarity [2] . If ion transport proteins were not asymmetrically distributed between the surface domains of transporting epithelial cells then it would not be possible to generate and maintain the gradients of ions and nonelectrolyte solutes that are required for homeostasis. In order for the sorting mechanisms discussed above to be effective in producing the appropriate distributions of ion transport proteins among the two polarized domains of the epithelial plasma membrane, these domains must first be established and segregated from one another. Recent evidence suggests that signaling systems involved in sensing and responding to changes in cellular energy status may play a central role in this process of epithelial polarization. that provide their complements of pumps with the copious quantities of ATP that they consume in order to generate the ion gradients that power transepithelial fluid and solute movement. Not surprisingly, therefore, even brief interruptions in the substrates required for ATP generation can lead to profound damage to epithelial cells, manifest in the loss of epithelial polarity and the redistribution of transport proteins [6, 7] .
Muscle cells are similarly prodigious users of biological energy. Recent research has shown that myocytes keep a close watch on cellular energy levels and, when these levels fall, the myocytes activate pathways that reduce nonessential energy consumption and activate alternative mechanisms for energy generation. A single enzyme known as AMP-stimulated protein kinase (AMPK) appears to measure cellular energy levels and to initiate the appropriate responses in the event of their decline [8 ,9] . When ATP levels fall, AMP levels rise. AMPK is composed of three subunits (a, b and g) ( Fig. 1 ). There are two isoforms of the AMPK a-subunit. While the a2 isoform is expressed predominantly in skeletal and cardiac muscle, the a1 isoform is found in most cell types. The gsubunit of AMPK binds to AMP and undergoes a conformational change in response to this binding event [9, 10] . This conformational change in turn allows the a-subunit to become a substrate for phosphorylation at Thr172 by an upstream kinase that is necessary and sufficient to activate the kinase a-subunit's intrinsic kinase activity. It is also possible that AMP binding results in a reduction in the susceptibility of AMPK to dephosphorylation by protein phosphatases [11] . Once activated, the AMPK goes on to phosphorylate and regulate the activities of a wide variety of proteins to readjust the balance between energy production and consumption.
The best characterized of the upstream 'AMP-kinase kinases' is LKB1 [12] , a kinase first identified as the product of the Peutz-Jaeger syndrome tumor suppressor gene. Mutations in the gene encoding LKB1 lead to the formation of numerous hamartomatous neoplasms [13] . It has been shown that LKB1 is a negative regulator of the mammalian target of rapamycin (mTOR) signaling pathway through the sequential activation of AMPK and of the tuberous sclerosis complex TSC1/TSC2 tumor suppressor complex [14] . It is especially interesting in this context that transfection of human colonic epithelial cell lines with cDNAs encoding co-factor polypeptides that constitutively activate LKB1 endows the transfected cells with the capacity to develop a polarized phenotype in the absence of cell-cell or cell-matrix contact [15] . It would appear, therefore, that LKB1 can act as a critical control point in the epithelial polarization pathway. Presumably, LKB1 may function downstream of signals received through cell-cell and cell-matrix contacts to initiate the constellation of biochemical and structural rearrangements required to produce polarity. In keeping with this interpretation, disruption of LKB1 expression suppresses the capacity of epithelial cells to polarize [16] .
Previous genetic studies performed in Caenorhabditis elegans and Drosophila melanogaster indicated that the LKB1 homologues partitioning-defect 4 (Par4) and dLKB1, respectively, play essential roles in directing cell polarization during embryogenesis in these organisms [17 ,18 ,19] . The mechanism through which LKB1 participates in regulating cell polarity is not well understood. A series of studies have shown that this process involves the phosphorylation of microtubule-affinityregulating kinase (MARK), a Par1 homolog, by LKB1 [19] . This phosphorylation event permits MARK to participate in interactions with other Par homologues, discussed below. A recent study, however, suggested the regulation of cell polarity is independent of the kinase activity of LKB1. In this study, mutations of LKB1 that did not disrupt LKB1 kinase activity significantly reduced LKB1-mediated activation of AMPK and compromised the ability of LKB1 to establish and maintain polarity in both intestinal epithelial cells and migrating astrocytes [16] . It appears likely, therefore, that the establishment and maintenance of cell polarity are linked, at least in part, to AMPK activation.
Since AMPK is one of the substrates of LKB1, and since energy deprivation events that activate AMPK can exert profound effects on epithelial polarity, it is interesting to speculate as to whether AMPK may be an important effector in the LKB1 polarization signaling pathway. Work from at least two groups indicates that pharmacological activation of AMPK speeds the formation of tight junctions in polarizing MDCK cells [20, 21 ] . Similarly, AMPK is a trimeric complex made up of a, b and g-subunits. Binding of AMP by the g-subunit causes the a-subunit to become a substrate for phosphorylation by upstream kinases, such as LKB1 or calmodulin kinase kinase. Once activated, AMPK serves to stimulate pathways that promote energy generation and to inhibit a variety of processes that consume energy.
expression of a dominant-negative AMPK construct in MDCK cells profoundly slows the acquisition of mature, structurally intact junctional strands. It remains to be determined how AMPK influences junction assembly. As discussed below, the assembly of tight junctions involves interactions among a large number of protein components and presents numerous potential targets for regulatory control.
In Drosophila, disruption of the gene encoding AMPK impairs the formation of polarized plasma membrane domains in developing epithelial tissues [17 ] . Similarly, energy deprivation is sufficient to initiate Drosophila epithelial polarization [18 ] . These data suggest that in the Drosophila system AMPK plays a role not only in tight junction formation but also in the formation of polarized plasma membrane domains. In fact, as discussed in detail below, the demarcation of the nascent tight junction is intimately connected to the processes that lead to epithelial polarization and the formation of biochemically differentiated plasma membrane domains.
The nature of tight junctions
The zonula occludens, or tight junction, joining neighboring epithelial cells to one another have classically been thought to perform at least three interrelated but mechanistically separable functions [22] [23] [24] [25] . As their name implies, tight junctions form a seal that controls the nature and extent of the permeability of the paracellular pathway. Tight junctions form a barrier that blocks the diffusion of macromolecules across epithelial monolayers. This barrier also controls paracellular fluxes of both ions and water. Tight junctions can vary dramatically among epithelial tissues in both their selectivity for and resistance to different types of ionic fluxes. Finally, in the epithelial cells of vertebrates, tight junctions constitute the demarcation between the apical and basolateral plasma membrane domains and serve a fence function that prevents the mixing by lateral diffusion of the protein components of these two membrane compartments. Tight junctions are composed of a complicated and dynamic assembly of integral and peripheral membrane proteins. A large body of work suggests that different subsets and molecular domains of these proteins participate in determining each of these three fundamental tight junction properties [23, [26] [27] [28] .
The most aesthetically elegant and informative views of tight junction structure are derived from freeze fracture electron microscopy, which reveal that they are composed of circumferential parallel linear arrays of intramembranous particles that are interconnected by anastomosing perpendicular strands [29, 30] . Over the past several years it has become clear that expression of members of the claudin family of membrane proteins is necessary and sufficient to generate this ultrastructural correlate of the tight junction [31] . There are at least 20 different claudins, all of which share a similar architecture consisting of four membrane spanning domains connected by a pair of small intracellular loops and a pair of larger extracellular loops [23, 32] . The N and C termini are relatively short and both face the cytosol. The formation of tight junctions appears to involve interactions between the opposing claudins of neighboring cells as well as lateral interactions between adjacent claudins within a junctional strand [33] . The claudin composition of a particular tight junction determines that junction's ionic permeability and selectivity [27, [34] [35] [36] [37] [38] . Different claudins create junctions that are differentially permeable to anions and cations. Furthermore, claudin proteins must actually contribute to the paracellular ionic permeability pathway, as evidenced by the fact that mutations in the gene encoding the claudin protein paracellin results in loss of the paracellular permeability to magnesium ions [39] . These permeability characteristics of tight junctional claudins appear to be subject to dynamic regulation. Through mechanisms that have yet to be elucidated, the expression of wild type and mutant forms of the WNK kinases alter the anion versus cation selectivity properties of tight junctions in MDCK cells [40] .
Two other transmembrane proteins also participate in the intercellular associations that contribute to the formation of tight junctions. Occludin shares the overall structural topology of the claudins [25] , characterized by four transmembrane domains and two extracellular loops. The amino acid sequences of these two classes of proteins, however, manifest no relationship to one another. Occludin interacts with peripheral components of the tight junction and contributes to the junction's fence and macromolecular barrier functions, but appears not to be involved in determining the ionic permeability characteristics of tight junctions [26, 28, [41] [42] [43] . Junction adhesion molecule (JAM) spans the membrane once and possesses two immunoglobulin loops in its extracellular domain. JAM interacts with occludin and with peripheral components of the tight junction [44, 45] . While the function of JAM is not entirely clear, perturbing JAM's expression or interactions alters junctional sealing and the establishment of polarity [46] [47] [48] .
As many as 40 proteins associate with the tight junction and play critical roles in its establishment and maintenance [24, 49] . This list includes actin, a-actinin and cingulin, among many others. The most important peripheral protein components of the tight junction, however, are almost certainly ZO-1, 2 and 3 [25] . ZO-1 was the first tight junction component to be isolated and characterized [50, 51] . It is a member of the MAGUK family and, like its counterparts in this collection, it contains a catalytically inactive guanylate kinase (GUK) domain, a SH3 domain and three PDZ domains. Each of these domains participates in interactions that mediate ZO-1's assembly with occludin, JAM, and claudins, as well as with 10 or more other junction components [49] . In addition, two unique domains (U5 and U6) that flank the GUK motif appear to be involved in important intramolecular and intermolecular associations [52] . All of these interactions contribute to the scaffolding function of ZO-1 and determine both its regulation and its subcellular localization [49] . ZO-1 is a substrate for phosphorylation and may be part of a complex containing kinases [53, 54] . The physiological activity of ZO-1 is not restricted to its involvement with the tight junction. ZO-1 can be imported into the nucleus [55] , where it regulates the expression of genes relevant to epithelial growth and differentiation by modulating the activities of transcription factors [56] [57] [58] . ZO-2 and ZO-3 are also MAGUK proteins and, like ZO-1, possess PDZ and GUK domains [59] . All three ZO proteins can interact with one another and with transmembrane components of the tight junction [49, 60] . ZO-2 appears to share the capacity of ZO-1 to interact with kinases and transcription factors, and to enter the nucleus [61] [62] [63] .
Although the tight junctional strands are composed of claudin and occludin membrane proteins, it is clear that these strands and the functional junctions that they correspond to cannot exist in the absence of ZO-1 and ZO-2 [64, 65 ] . In contrast, ZO-3 appears to be dispensable with respect to junction formation [66] . Simultaneous disruption of ZO-1 and ZO-2 expression in an epithelial cell line completely impedes strand formation and abrogates the assembly of functionally active junctions, although the polarized distributions of at least some membrane proteins are unperturbed [64] . Expression of either ZO-1 or ZO-2 corrects this deficit. Furthermore, expression of a chimeric ZO-1 molecule containing a motif that misdirects this protein to the lateral membrane results in the generation of ectopic junctional strands throughout the lateral plasma membrane. Thus, ZO-1 or ZO-2 are required both to organize the transmembrane components of the tight junction into their distinctive linear assemblies and to target these assemblies to their proper location at the apical margin of the basolateral plasmalemma. Any mechanism that regulates tight junction assembly, therefore, must of necessity involve regulation of the localization and deposition of ZO-1 and 2.
Protein complexes involved in junction formation and polarization
Our current understanding of the mechanisms through which epithelial cells create junctions and polarized domains has been reshaped by a recent convergence of insights gleaned from experimental systems that share with epithelial cells the capacity to generate and build upon an asymmetry. These systems are phylogenetically and functionally wildly diverse, and include budding yeast, the oocytes of C. elegans, the developing epithelia of Drosophila embryos and migrating neutrophils. What these very different cell types all possess in common is the need to designate a boundary that will come to divide two morphologically and biochemically distinct domains of their surface membranes. Remarkably, very similar schemes are brought to bear in order to accomplish this function in each of these settings. Furthermore, a highly conserved set of protein complexes appears to exploit the establishment of this boundary in order to produce the requisite division of a previously isotropic plasmalemma into two contiguous but fully segregated membranous organelles [3, 59, 67] .
One of these complexes consists of three proteins, which first came to attention in the context of their roles in the partitioning of the C. elegans oocyte into asymmetric cellular domains [3, 67] . Par3 and Par6 are both PDZ domain-containing scaffolding proteins that can each interact with the third component of this complex, atypical protein kinase C (aPKC). A large body of evidence strongly suggests that the Par3/Par6/aPKC complex is an obligate participant in the initial polarization of epithelial cells and in the formation of inter-epithelial cell occluding junctions. Par3 is required for epithelial polarization in Drosophila [68] , and knockdown of Par3 expression in the MDCK line of canine renal epithelial cells dramatically perturbs tight junction formation [69] . Furthermore, overexpression of Par6 or portions of the Par6 protein in MDCK cells similarly perturbs tight junction formation. While in Drosophila epithelial cells the Par3/Par6/aPKC complex is localized at the apical plasma membrane domain [68] , in mammalian epithelial cells this complex is restricted to the region of the zonula occludens [70] .
Deposition of the Par3/Par6/aPKC complex appears to determine the distribution of two other protein assemblies, the scribble group (scribble, Dlg and Lgl) and the Crumbs/PALS/PATJ complex, which collaborate to establish the identities of the basolateral and apical plasma membrane domains, respectively. These two complexes, in association with the Par3/Par6/aPKC complex, participate in complicated, mutually antagonistic interactions that result in the maintenance of stable apical and basolateral surfaces through processes involving dynamic competition [71] [72] [73] [74] [75] [76] .
Under normal circumstances, the acquisition of the fully polarized state is initiated by the formation of contacts between neighboring epithelial cells [77 ,78] . These contacts are mediated by the calcium-dependent adhesion molecule E-cadherin [77 ,79,80] and are followed quickly by the initiation of tight junction assembly, which then instigates the events described in the preceding paragraphs. While epithelial cells require the participation of E-cadherin in order to establish the polarized state, the continued expression of this protein is apparently not required to maintain polarity in a fully polarized monolayer [81 ] . This surprising observation suggests that a signal generated as a consequence of E-cadherin-driven contact is required to establish polarity, and furthermore that this signal or its downstream effects can, at least under certain circumstances, become self-sustaining even in the absence of continued input from E-cadherin.
As noted above, constitutive activation of LKB1 can induce polarization of epithelial cells in the absence of cell-cell contact [15] . Similarly, activation of AMPK, a downstream effector of LKB1, by energy deprivation is sufficient to induce polarization in Drosophila epithelial cells [18 ] . A critical question that will no doubt drive epithelial polarity research in the near future relates to whether the complexes and machinery described above are involved in the mechanisms through which AMPK activity influences epithelial polarization (Fig. 2 ). In the Drosophila system, activation of AMPK leads to phosphorylation of nonmuscle myosin regulatory light chain (MRLC). Expression of a mutated form of MRLC in which the serine and threonine residues phosphorylated by AMPK are replaced by 'phosphomimic' glutamate residues is able to rescue epithelial polarization in the context of inactivating mutations in either AMPK or LKB1 [17 ] . These data suggest, therefore, that AMPK phosphorylation of MRLC is necessary and sufficient to induce epithelial polarization and that it is through MRLC that the activities of LKB1 and AMPK converge to initiate and sustain the polarized state. It will be interesting, important and exciting to determine whether the signaling cascade that leads to MRLC phosphorylation influences and is influenced by the formation of the protein complexes described above, which clearly play such critical roles in establishing and defining the biochemical identities of differentiated membrane domains.
Conclusion
Tight junctions are critically important constituents of polarized epithelial cells. The formation of tight junctions is an early step in the chain of events that leads to epithelial polarization. Tight junctions are complicated multiprotein assemblies. Their formation and localization is dependent upon intricate cooperative and competitive interrelationships among several protein complexes. Through their positive and negative interactions, these complexes appear to establish the biochemical identity of epithelial membrane domains and to determine the positioning of junctional assemblies. Recent data indicate that a new signaling pathway involved in sensing and responding to changes in cellular energy levels is also involved in establishing and maintaining polarity. Activation of LKB1 and AMPK are necessary and sufficient to initiate aspects of epithelial polarization. Future research will be required to elucidate the nature of the cross-talk between this signaling pathway and the formation of the protein complexes that generate the polarized state. ?
?
Initiation of epithelial contact leads to the activation of AMPK, and pharmacological activation of AMPK is sufficient to initiate aspects of the epithelial polarization and junction formation cascades. While the precise mechanisms through which AMPK participates in these processes remain to be determined, it is possible that AMPK could exert its effects, at least in part, by affecting the assembly, activities or distributions of the enzymes and complexes depicted here. These complexes and enzymatic activites are individually described in the text.
